RNA silencing phenomena were first discovered in plants, yet only the RNA interference pathway in animals has been subject to biochemical analysis. Here, we extend biochemical analysis to plant RNA silencing. We find that standard wheat germ extract contains Dicer-like enzymes that convert double-stranded RNA (dsRNA) into two classes of small interfering RNAs, as well as an RNA-dependent RNA polymerase activity that can convert exogenous single-stranded RNA into dsRNA. In this plant embryo extract, an endogenous microRNA (miRNA) that lacks perfect complementarity to its RNA targets nonetheless acts as a small interfering RNA. The miRNA guides an endonuclease to cleave efficiently wild-type Arabidopsis PHAVOLUTA mRNA, but not a dominant mutant previously shown to perturb leaf development. This finding supports the view that plant miRNAs direct RNAi and that miRNA-specified mRNA destruction is important for proper plant development. Thus, endonuclease complexes guided by small RNAs are a common feature of RNA silencing in both animals and plants.
RNA interference (RNAi) in animals and basal eukaryotes, quelling in fungi, and posttranscriptional gene silencing (PTGS) in plants are examples of a broad family of phenomena collectively called RNA silencing (Kooter et al. 1999; Li and Ding 2001; Matzke et al. 2001; Vaucheret et al. 2001; Waterhouse et al. 2001; Hannon 2002; Plasterk 2002) . The unifying features of RNA silencing phenomena are the production of small (21-26 nt) RNAs that act as specificity determinants for downregulating gene expression (Hamilton and Baulcombe 1999; Hammond et al. 2000; Parrish et al. 2000; Zamore et al. 2000; Djikeng et al. 2001; Parrish and Fire 2001; Tijsterman et al. 2002) and the requirement for one or more members of the Argonaute family of proteins (Tabara et al. 1999; Fagard et al. 2000; Hammond et al. 2001; Hutvá gner and Zamore 2002; Kennerdell et al. 2002; Martinez et al. 2002a; Pal-Bhadra et al. 2002; Williams and Rubin 2002) . We do not yet understand the biochemical function of Argonaute proteins (or PPD proteins, named for their characteristic PAZ and Piwi domains).
Small RNAs are generated in animals by members of the Dicer family of double-stranded RNA (dsRNA)-specific endonucleases Billy et al. 2001; Grishok et al. 2001; Ketting et al. 2001) . Dicer family members are large, multidomain proteins that contain putative RNA helicase, PAZ, two tandem ribonuclease III (RNase III), and one or two dsRNA-binding domains. The tandem RNase III domains are believed to mediate endonucleolytic cleavage of dsRNA into small interfering RNAs (siRNAs), the mediators of RNAi. In Drosophila and mammals, siRNAs, together with one or more Argonaute proteins, form a protein-RNA complex, the RNA-induced silencing complex (RISC), which mediates the cleavage of target RNAs at sequences with extensive complementarity to the siRNA (Hammond et al. 2000 Zamore et al. 2000; Elbashir et al. 2001a,b,c; Nykä nen et al. 2001; Hutvá gner and Zamore 2002; Martinez et al. 2002a) .
In addition to Dicer and Argonaute proteins, RNAdependent RNA polymerase (RdRP) genes are required for RNA silencing in Caenorhabditis elegans (Smardon et al. 2000; Sijen et al. 2001) , Neurospora crassa (Cogoni and Macino 1999) , and Dictyostelium discoideum (Martens et al. 2002) , but likely not for RNAi in Drosophila or mammals (Celotto and Graveley 2002; Chiu and Rana 2002; Holen et al. 2002; Martinez et al. 2002b; Schwarz et al. 2002; Roignant et al. 2003) . In plants, PTGS initiated by transgenes that overexpress an endogenous mRNA also requires a putative RdRP, SGS2 (SDE1; Dalmay et al. 2000; Mourrain et al. 2000) , although transgenes designed to generate dsRNA bypass this requirement (Beclin et al. 2002) . Similarly, silencing induced by viruses replicating through a dsRNA intermediate (virusinduced gene silencing, VIGS) does not require SGS2 (Dalmay et al. 2000) .
Dicer in animals and CARPEL FACTORY (CAF, a Dicer homolog) in plants also generate microRNAs (miRNAs), 20-24-nt, single-stranded noncoding RNAs thought to regulate endogenous mRNA expression (Lee et al. 1993; Reinhart et al. 2000 Reinhart et al. , 2002 Grishok et al. 2001; Hutvá gner et al. 2001; Ketting et al. 2001; LagosQuintana et al. 2001 LagosQuintana et al. , 2002 Lau et al. 2001; Lee and Ambros 2001; Mourelatos et al. 2002; Park et al. 2002) . miRNAs are produced by Dicer cleavage of stem-loop precursor RNA transcripts (pre-miRNAs); the miRNA can reside on either the 5Ј or 3Ј side of the doublestranded stem (Lee et al. 1993; Pasquinelli et al. 2000; Lagos-Quintana et al. 2001; Lau et al. 2001; Lee and Ambros 2001) . In animals, pre-miRNAs are transcribed as longer primary transcripts (pri-miRNAs) that are processed in the nucleus into compact, folded structures (pre-miRNAs), then exported to the cytoplasm, where they are cleaved by Dicer to yield mature miRNAs (Lee et al. 2002) . Animal miRNAs are only partially complementary to their target mRNAs; this partial complementarity has been proposed to cause miRNAs to repress translation of their targets, rather than direct target cleavage by the RNAi pathway (for review, see Ruvkun 2001; Hutvá gner and Zamore 2002) . Plant miRNAs have far greater complementarity to cellular mRNAs and have been proposed to mediate target RNA cleavage via an RNAi-like mechanism (Llave et al. 2002b; Rhoades et al. 2002) .
Here, we present evidence that extracts of wheat germ, introduced for the study of translation and protein translocation in the 1970s (Roberts and Paterson 1973) , recapitulate many of the key features of RNA silencing in plants. Using this in vitro system, we show that in plants, ATP-dependent, Dicer-like enzymes cleave dsRNA into small RNAs that have the structure of siRNAs. Unlike Drosophila embryos or mammalian cells, plants convert dsRNA into two distinct classes of siRNAs, long and short siRNAs. Our inhibitor studies suggest that a different Dicer-like enzyme generates each siRNA class. We further show that a wheat RdRP activity can synthesize dsRNA using exogenous singlestranded RNA as a template without an exogenous primer, and that this dsRNA is preferentially converted into long siRNAs. Finally, we report that wheat germ extracts contain an endogenous RISC programmed with a miRNA. This endogenous miRNA complex can direct efficient cleavage of the wild-type Arabidopsis PHAVOLUTA (PHV) mRNA sequence, but not that of a previously described dominant PHV mutant that perturbs leaf development. This finding supports the view that in plants miRNAs direct RNAi and explains the molecular basis for the dominant PHV mutation in Arabidopsis.
Results

Two distinct classes of small RNAs derived from dsRNA in plant extracts
Two distinct classes of small RNAs are produced in transgenic plants bearing silenced transgenes (Hamilton et al. 2002; Mallory et al. 2002) . To test if the production of these two classes of small RNAs was a normal feature of plant biology or a specialized response to foreign DNA, we examined the length distribution of a nonredundant set of 423 endogenous small RNAs cloned from Arabidopsis thaliana, including 143 published sequences (Llave et al. 2002a; Reinhart et al. 2002) and an additional 280 sequences not previously published. Excluded from this analysis are cloned fragments of tRNA and rRNA. Included in the set are known and predicted miRNAs, as well as small RNAs of unknown function corresponding to intragenic regions or to mRNA sequences in either the sense or antisense orientation. The distribution of lengths within this set was bimodal, with peaks at 21 and 24 nt (Fig. 1A) . In contrast, the length distribution of cloned small RNAs from C. elegans forms a single broad peak (Lau et al. 2001) . The two classes of green fluorescent protein (GFP)-derived small RNAs were proposed to be siRNAs with distinct RNA silencing functions: the ∼21-mers to direct posttranscriptional silencing via mRNA degradation and the ∼24-mers to trigger systemic silencing and the methylation of homologous DNA (Hamilton et al. 2002) . Our analysis of the two classes of endogenous small RNAs indicates that each class has a distinct sequence bias, with a 5Ј-uridine predominating in the shorter class and a 5Ј-adenosine in the longer class (Fig. 1B) . The 5Ј sequence bias of the short class is produced by the inclusion in our data set of miRNAs, which in plants and animals typically begin with uridine (Lagos-Quintana et al. 2001 Lau et al. 2001; Lee and Ambros 2001; Reinhart et al. 2002) . Thus, the non-miRNA small RNAs in the shorter class display no 5Ј sequence bias, whereas a 5Ј-adenosine is overrepresented in the longer class. The two classes are either generated by different enzymes, function in separate effector complexes, or both.
Plant small RNAs are bona fide siRNAs
Although the small RNAs that correlate with the posttranscriptional silencing of homologous target mRNAs were first discovered in plants (Hamilton and Baulcombe 1999) , they have not yet been shown to be the direct products of endonucleolytic cleavage of long dsRNA. To begin to test if small RNAs are, in fact, siRNAs, we prepared plant extracts and monitored them for Dicerlike activity. When uniformly 32 P-radiolabeled dsRNA was incubated in wheat germ extract, it was efficiently cleaved into small RNAs ( Fig. 2A) . As reported previously for extracts of Drosophila (Zamore et al. 2000) and for purified Drosophila ) and human Dicer (Billy et al. 2001) , no intermediate products were detected in the conversion of dsRNA into small RNAs. Unlike the fly and human Dicer reactions, two discrete size classes, one ∼21-nt and the other 24-25-nt long, were produced from the dsRNA upon incubation in wheat germ extract (Fig. 2B) . The ratio of wheat 24-25-mers to ∼21-mers in 14 separate reactions was 4 ± 1.7, similar to the roughly 2.5-fold excess of longer small RNA sequences cloned from Arabidopsis. (The 2.5-fold excess of long to short, cloned endogenous small RNAs underestimates the ratio, because it includes miRNAs, which are predominantly short.) Silencing-related small RNAs have thus far only been demonstrated in vivo for dicots, and wheat is a monocot. Extracts of the dicot cauliflower, a member of the mustard family like Arabidopsis, also converted dsRNA into two discrete sizes of small RNAs, ∼21 and ∼24 nt (Fig. 2C) . In both Drosophila and C. elegans, Dicer requires ATP for efficient production of both siRNAs (Zamore et al. 2000; Bernstein et al. 2001; Nykä nen et al. 2001 ) and miRNAs (Hutvá gner et al. 2001; Ketting et al. 2001) . Consistent with the idea that both classes of small RNAs are produced by plant orthologs of Dicer, efficient production of both the ∼21-nt and the ∼24-nt small RNAs in wheat germ extract required ATP (Fig. 2D) .
Although small, silencing-associated RNAs in plants are commonly called siRNAs, and synthetic siRNA duplexes initiate plant RNA silencing (Klahre et al. 2002) , plant small RNAs have not been demonstrated to be double-stranded RNAs with 2-nt, 3Ј overhanging ends and 3Ј-hydroxyl termini. Such attributes reflect the unique production of siRNAs by members of the Dicer family of ribonuclease III enzymes. To determine if the small RNAs generated from dsRNA in wheat germ extracts were bona fide siRNAs, we analyzed their structure. Uniformly 32 P-radiolabeled dsRNA was incubated in wheat germ extract, deproteinized, and fractionated by gel filtration to resolve single-stranded from doublestranded siRNA (Nykä nen et al. 2001) . Both classes of small RNA products of the in vitro wheat germ reaction comigrated with a synthetic siRNA duplex and with Drosophila siRNA duplexes generated by processing dsRNA in Drosophila embryo lysate (Fig. 2E) . Therefore, the small RNAs generated by incubating dsRNA in wheat germ extract are double-stranded.
Next, we examined the end structure of the small RNAs. Treatment of 5Ј-32 P-radiolabeled, synthetic siRNA duplexes with the single-stranded RNA-specific nucleases T1 and RNase A removes the 2-nt, 3Ј overhanging ends typical of siRNAs, generating 1-nt and 2-nt shorter RNAs. In a denaturing polyacrylamide gel, such nuclease products of siRNAs migrate faster, because they contain 3Ј-phosphates (diagramed in Fig. 2F ). When synthetic 25-nt duplexes with 2-nt, 3Ј overhangs were digested with T1 and RNase A, the expected 24-nt and 23-nt, 3Ј phosphorylated products were generated (Fig.  2G) . The small RNAs produced by incubation of dsRNA in the wheat germ extract are a mixture of ∼21-nt and 24-25-nt species. Digestion of this mixture with singlestranded nucleases produced a faster-migrating population of RNA species whose length distribution is consistent with the original mixture having the single-stranded overhangs and double-stranded body characteristic of siRNAs (Fig. 2G ). Both size classes of small RNAs produced upon incubation of dsRNA in wheat germ extract have 2Ј,3Ј-hydroxyl and 5Ј monophosphate termini (data not shown). In sum, the small RNAs have all the hallmarks of the products of Dicer-mediated cleavage of dsRNA. We conclude that they are bona fide siRNAs.
Different Dicer-like enzymes produce each class of siRNA
We can imagine at least two mechanisms by which long dsRNA could be converted in plants into distinct size classes of small RNAs. Local dsRNA sequence might determine siRNA length, irrespective of which Dicer ortholog cleaves the dsRNA. In this case, we anticipate that the two classes of small RNAs would have distinct sequence compositions. Instead, only the 5Ј ends of the two classes show sequence bias (Fig. 1B ). An alternative explanation is that different Dicer orthologs produce P-radiolabeled size markers are indicated at left. 3Ј-phosphorylated markers were generated by reacting synthetic RNAs 1 base longer than indicated with periodate, followed by ␤-elimination, yielding an RNA 1 base shorter, but bearing a 3Ј-phosphate in place of a hydroxyl. each class. Both the Arabidopsis and rice genomes encode at least four different Dicer-like proteins, including the Arabidopsis protein CARPEL FACTORY/SHORT INTEGUMENTS-1 (CAF). The number of wheat Dicer orthologs is presently unknown, because the hexaploid wheat genome remains to be sequenced.
Drosophila Dicer binds tightly to siRNAs (P.D. Zamore and B. Haley, unpubl.) . Therefore, we reasoned that different Dicer orthologs might be differentially inhibited by their products, siRNAs. We tested the ability of 21-nt and 25-nt synthetic siRNA duplexes to inhibit the production of siRNAs in Drosophila embryo lysates and the production of the two distinct classes of siRNA in wheat germ extract. Drosophila Dicer produces siRNAs 21-22 nt long. Drosophila Dicer was inhibited more strongly by a 21-nt siRNA duplex than by a 25-mer (Fig. 3A) . Conversely, production of 24-25-nt siRNAs by wheat germ extract was inhibited more strongly by an ∼25-nt synthetic siRNA duplex competitor than a 21-mer (Fig. 3B ). These results are consistent with the idea that the authentic siRNA product of Dicer should bind more strongly to its active site than an siRNA of an inauthentic length. Surprisingly, production of the ∼21-nt siRNAs was completely refractory to inhibition by either 21-nt or 25-nt synthetic siRNA duplexes, at siRNA concentrations as high as 800 nM (Fig. 3B ). The simplest explanation for these data is that a different Dicer-like enzyme generates each class of siRNA and that the enzyme responsible for producing the 24-25-nt siRNAs is strongly inhibited by its siRNA product, whereas the enzyme that produces the ∼21-nt siRNAs is not inhibited by siRNA product at the concentrations tested. An alternative explanation is that the concentration of the enzyme that produces the ∼21-mers is higher than the highest concentration of inhibitor we tested, 800 nM. For this to be true, the enzyme would need to be present at micromolar concentration in the extract, which seems unlikely, as it would then correspond to ∼1% of total protein. The finding that production of both classes of siRNAs were equally and strongly inhibited by long dsRNA competitor (Fig. 3C ) also supports an argument against this view. If the enzyme that generates the 21-mers were present in the extract at very high concentration, its activity should not have been competed by the same concentrations of long dsRNA competitor that saturate the enzyme that produces the 24-25-nt products. We conclude that each class of siRNA is produced by the ATP-dependent, endonucleolytic cleavage of dsRNA by a different Dicer ortholog.
An RNA-dependent RNA polymerase activity in wheat germ extracts
Genetic evidence implicates an RNA-dependent RNA polymerase (RdRP) in PTGS triggered by transgenes expressing sense mRNA (S-PTGS; Dalmay et al. 2000; Mourrain et al. 2000) . Plant RdRPs have been proposed to generate dsRNA from aberrantly expressed singlestranded RNA, thereby leading to the production of siRNAs that silence that RNA (Vaucheret et al. 2001) . No direct biochemical evidence has yet been presented demonstrating that such a pathway is plausible.
Wheat germ extracts contain an RdRP activity (Fig. 4) . We incubated increasing concentrations of singlestranded RNA with the extract and ribonucleotide triphosphates, including ␣-32 P-UTP. Single-stranded RNA ranging from 77 to 501 nt, either bearing a 7-methyl-G(5Ј)ppp(5Ј)G or an A(5Ј)ppp(5Ј) cap structure, all led to the incorporation of 32 P into RNA with approximately the same length as the exogenous, nonradioactive single- P-dsRNA was incubated in either Drosophila embryo lysate or wheat germ extract for 3 h in the presence of increasing concentrations of 21-nt or 25-nt siRNA duplexes, then analyzed by denaturing gel electrophoresis and quantified. The siRNA concentration is presented in micromoles nucleotide per liter to permit comparison of the different lengths of siRNA duplex used. The relative efficiency of the reactions was determined by fitting the data to a single exponential and comparing the rate constant. (A) 21-nt siRNA duplexes (filled circles) are more efficient inhibitors of Drosophila Dicer than 25-nt siRNA duplexes (open circles). (B) Production of 25-nt siRNAs in wheat germ extract (squares) was inhibited more efficiently by a 25-nt synthetic siRNA duplex (red symbols) than by a 21-nt siRNA duplex (black symbols), but production of the 21-nt siRNAs (circles) was not inhibited by either synthetic siRNA duplex. (C) dsRNA competitor inhibited the production of both 25-nt (black squares) and 21-nt (red circles) siRNAs in wheat germ extract. Production of siRNAs in Drosophila embryo lysate (blue circles) was also inhibited by dsRNA competitor, but to a lower extent, perhaps reflecting a higher concentration of Dicer in Drosophila embryo lysate than in wheat germ extract. stranded RNA (Fig. 4) . These radioactive RNAs correspond to bona fide complementary RNA (cRNA) generated by an RdRP that copied the single-stranded RNA by initiating RNA synthesis at the extreme 3Ј end of the exogenous template RNA (data not shown). In theory, these newly radioactive RNAs could have arisen by transfer of radiolabel to the input RNA itself. We observed this type of label transfer when similar experiments were performed using Drosophila embryo lysates, but not with wheat germ extract. Instead, the 32 P-RNA represents newly synthesized cRNA produced by a wheat enzyme using exogenous single-stranded RNA as a template in the absence of an exogenous nucleic acid primer.
In addition to copying single-stranded RNA into approximately full-length cRNA, RdRPs have also been reported to extend primers, using single-stranded RNA as a template (e.g., Schiebel et al. 1998) . We similarly find that the RdRP activity or activities in wheat germ extract could extend a 32 P-radiolabeled primer (Fig. 5A ), but only when the RNA primer was complementary (antisense) to the template RNA. Under identical conditions, we can detect no such primer-extension activity in lysates of syncitial blastoderm Drosophila embryos, despite earlier reports to the contrary (Lipardi et al. 2001) . We can, however, detect the RNA-dependent, RNAprimer-extension activity when wheat and fly extracts are mixed (Fig. 5A) . In neither Drosophila embryo lysate nor wheat germ extract can we detect primer extension of a single-stranded RNA template using a 21-nt siRNA duplex rather than a 21-nt antisense primer.
We envision that aberrant single-stranded RNA triggers silencing in plants when it serves as a template for the production of cRNA, generating dsRNA, which can then be cleaved by Dicer into siRNA duplexes. Our data suggest that such copying does not require primers, but is triggered merely by an exceptionally high concentration of single-stranded RNA. To test if high concentrations of single-stranded mRNA could lead to the production of siRNAs, we repeated the RdRP reactions using a 2.7-kb single-stranded firefly luciferase mRNA. Increasing concentrations of the mRNA were incubated in either wheat germ extract or Drosophila embryo lysate in the presence of ATP, CTP, GTP, and ␣-32 P-UTP, and examined for the production of 21-25-nt radioactive RNAs. Figure 5B (left) shows that when the incubations were performed in wheat germ lysates, a single class of small RNA, ∼24 nt long, was produced with increasing concentrations of the exogenous, single-stranded template RNA. No such radioactive product was observed in Drosophila embryo lysates, but we note that these lysates contain endogenous UTP, which may preclude detection of 32 P small RNAs. To test if the radiolabeled ∼24-nt products were generated by the de novo synthesis of RNA, we repeated the experiment, replacing CTP and GTP with 3Ј-deoxy CTP and 3Ј-deoxy GTP, inhibitors of RNA synthesis. In the presence of these inhibitors, no radioactive small RNAs were observed in the wheat reaction (Fig. 5B, right) . Thus, single-stranded RNA can trigger in wheat germ extract the de novo synthesis of ∼24-nt small RNAs.
We do not detect the production of 21-nt RNAs in this assay. The assay should have detected such 21-nt small RNAs if they were present at 1/10 the concentration of the ∼24-mers, but we would be unlikely to detect them far below this threshold. Experiments with doublestranded RNA suggest that the 21-mers are produced in wheat at about 1/4 the rate of the 24-25-nt small RNAs (Fig. 2) . Thus, the production of dsRNA by the RdRP activity may be coupled to the production of the longer class of small RNAs. We note that such coupling does not imply that production of ∼24-nt siRNAs from exogenous dsRNA requires the participation of an RdRP. We envision that dsRNA generated by RdRP copying of single-stranded RNA is preferentially processed by a wheat Dicer ortholog that produces long siRNAs, perhaps because the two proteins are physically linked.
Are the ∼24-nt RNAs that are synthesized in the RdRP reactions really the products of Dicer cleavage of dsRNA? Production of wheat 24-25-nt siRNAs from 32 Pradiolabeled dsRNA is efficiently inhibited by synthetic siRNA duplexes; 25-nt synthetic siRNA duplexes are more potent inhibitors than 21-nt duplexes (Fig. 3B) . We asked if production of the ∼24-nt small RNAs in the RdRP reactions was similarly inhibited by synthetic siRNA duplexes. Figure 5C shows that the production of ∼24-nt small RNAs in the RdRP reactions programmed with a 2.7-kb single-stranded RNA template was inhibited by synthetic siRNA duplexes. Like the production of 24-25-nt siRNAs from exogenous dsRNA, production of the de novo synthesized ∼24-mers was inhibited to a greater extent by 25-nt synthetic siRNA duplexes than by 21-nt duplexes (Fig. 5C ). Half-maximal inhibition of small RNA production in the RdRP-dependent reactions occurred at roughly the same concentration of synthetic siRNA duplex as inhibition of the processing of 32 P dsRNA (cf. Figs. 5C and 3B) . We conclude that in wheat germ extract, exogenous single-stranded RNA provides the template for the synthesis of cRNA by an RdRP and that the resulting template-RNA:cRNA hybrid is then preferentially cleaved into ∼24-nt siRNAs by a Dicer-like enzyme.
miRNAs act as siRNAs in plants
In addition to siRNAs, another class of small RNAs, microRNAs (miRNAs), has been detected in plants (Llave et al. 2002a; Park et al. 2002; Reinhart et al. 2002) . Like their animal counterparts, plant miRNAs are generated by a Dicer family member, CAF. miRNAs are encoded in stem-loop precursor RNAs that are cleaved by CAF into 21-24-nt single-stranded small RNAs (Park et al. 2002; Reinhart et al. 2002) . Exogenous miRNA precursors were not faithfully processed into mature miRNAs in wheat germ extract (data not shown). Instead, in vitro transcribed pre-miRNAs were cleaved into small RNAs too long to correspond to authentic, mature miRNAs. Perhaps the Dicer ortholog responsible for miRNA maturation in wheat-presumably wheat CAF-is absent from wheat germ extracts. In Arabidopsis, CAF transcripts that encode a protein with a nuclear localization signal have been reported, suggesting that CAF protein may be nuclear (Jacobsen et al. 1999 ). Because wheat germ extracts are essentially cytoplasm, nuclear CAF might not be present in the extract. Plant miRNAs differ from animal miRNAs in that there are corresponding mRNA sequences in the Arabidopsis and rice genomes with significant complementarity to miRNA sequences (Llave et al. 2002a,b; Reinhart et al. 2002; Rhoades et al. 2002) . The high degree of complementarity between 14 recently analyzed plant miRNAs and specific families of developmentally important plant mRNAs led to the proposal that plant miRNAs direct developmentally controlled mRNA destruction . That is, after the plant miRNAs are generated by the cleavage of pre-miRNAs by CAF, they enter the RNAi pathway and function as siRNAs. In contrast, animal miRNAs are thought to act as translational repressors (for review, see Ruvkun 2001 ). An untested feature of this proposal is that an RNAi-like pathway in plants tolerates the three to four mismatches sometimes observed between an miRNA and its predicted mRNA target.
If plant miRNAs are endogenous mediators of RNAi, we reasoned that wheat germ extracts should contain miRNA-programmed complexes that specify endonucleolytic cleavage of corresponding target RNAs. In particular, miR165 has been proposed to down-regulate PHV and PHABULOSA (PHB) mRNA expression in Arabidopsis by an RNAi-like mechanism . PHV and PHB encode homeodomain-leucine zipper transcription factors implicated in the perception of radial position in the shoot tissues that give rise to leaves (McConnell and Barton 1998; McConnell et al. 2001) . Dominant phv and phb mutations alter a single amino acid (glycine → glutamic acid) in the sterol/lipid-binding domain of the proteins, suggesting that the mutant phenotype results from a change in the function of PHV and PHB (McConnell and Barton 1998; McConnell et al. 2001) . However, the discovery of plant miRNAs complementary to this site in PHV led to the suggestion that the molecular basis of the dominance is the persistence of PHV and PHB expression at developmental stages when these mRNAs are normally destroyed . This hypothesis is consistent with both the increased overall levels of PHB mRNA in the dominant mutant and the increased activity of a dominant mutant phb mRNA on the abaxial, rather than the adaxial, domain of the leaf primordium (McConnell and Barton 1998; McConnell et al. 2001) . miR165 or miR166 is present in wheat germ extracts (Fig. 6A ). miR165 and miR166 differ by a single C-to-U transition that decreases the complementarity of miR166 to PHV and PHB by changing a G:C base pair to a G:U wobble. Rice (Oryza) is the sequenced genome most closely related to wheat. Although the rice genome encodes no miR165 homolog, it encodes six copies of miR166 . Because our Northern hybridization conditions cannot distinguish between miR165 and miR166, we refer to the endogenous wheat miRNA as miR165/166.
To begin to test the hypothesis that plant miRNAs function to regulate target gene expression by an RNAilike mechanism, we prepared target RNAs encoding a portion of the wild-type sequence of Arabidopsis PHV or the dominant G → A point mutation, which falls within the PHV sequences proposed to pair with miR165/ 166. The target RNAs and relevant miRNAs are shown in Figure 6C . 5Ј-radiolabeled target RNAs were incubated with wheat germ extract, then analyzed on a denaturing sequencing gel. In the absence of any other exogenous RNA, the wild-type PHV target RNA, but not the dominant G → A mutant, was efficiently cleaved within the region complementary to miR165/166 (Fig.  7A,B) . This 21-nt region is identical in PHV and PHB, and a target RNA that contained sequence from the Arabidopsis PHB mRNA was also cleaved within the sequences complementary to miR165/166 upon incubation in the wheat germ extract (data not shown). In the RNAi pathway, a key feature of small RNA-directed target destruction is that pretreatment with the singlestranded nucleic acid-specific enzyme, micrococcal nuclease, abolishes RISC activity (Hammond et al. 2000) . Cleavage of the PHV target RNA was likewise abolished by pretreatment of the extract with micrococcal nuclease (data not shown), consistent with the view that miR165/166 acts as a guide to direct target cleavage. The difference in cleavage rate between wild-type and mutant target RNAs, which differ only at a single nucleotide, was >14-fold (Fig. 7B) . Thus, the resistance of the mutant phv RNA to cleavage by an endogenous RNAi-like nuclease can explain why the mutation is dominant.
Next, we analyzed cleavage of the PHV target RNA by various siRNAs in Drosophila embryo lysate (Fig. 6C ). An siRNA with perfect complementarity to the site predicted to pair with miR165/166 and an siRNA duplex in which one strand had the sequence of miR165 or miR166 directed cleavage of the PHV target RNA, yielding the predicted 514-nt 5Ј cleavage product (Fig. 7C) . None of these three siRNAs efficiently cleaved the PHV mutant target (Fig. 7C) . The failure of the miR165-siRNA duplex to cleave mutant PHV was a direct consequence of its reduced complementarity to the target RNA at position 6 (with respect to the 5Ј end of the antisense siRNA strand), because an siRNA with perfect complementarity to the mutant sequence (Fig. 6B ) efficiently cleaved the mutant RNA (Fig. 7C) . The 5Ј cleavage product produced in the siRNA-programmed RNAi reactions comigrated with that produced when the PHV target RNA was incubated in wheat germ extract without exogenous siRNA (Fig. 7C) .
The simplest explanation for the sequence-specificity of the nuclease is that it is guided by miR165/166: cleavage requires a nucleic acid component, occurs at the same site on the PHV target RNA as directed by an siRNA duplex with the sequence of miR165 or miR166 in Drosophila embryo lysate, and, like the siRNA, is inefficient with the G → A mutant phv RNA. In the RNAi pathway, an siRNA-programmed endonuclease complex is called an RISC (Hammond et al. 2000) . Our data suggest that wheat miR165/166 is in an RISC, supporting the proposal that plant miRNAs regulate expression of their mRNA targets by endogenous RNAi.
miR165/166 directs multiple rounds of target cleavage
Does the miR165/166-programmed RISC act as an enzyme? Quantitative Northern hybridization demonstrates that the wheat germ extract reactions contained 0.083 nM miR165/166 (Fig. 6B) . The target RNA concentration in these reactions was 5 nM, and more than half the target RNA was destroyed in 80 min (Fig. 7A) . Thus, each miR165/166 RNA directed cleavage of ∼30 target RNA molecules. Therefore, the miR165/166-programmed RISC is a multiple-turnover enzyme.
Discussion
We have shown here that wheat germ extracts recapitulate in vitro many aspects of RNA silencing in plants.
Wheat germ extracts convert exogenous dsRNA into two distinct classes of small RNAs. Detailed analysis of these small RNAs indicates that they are bona fide siRNAs. Thus, plant siRNAs are derived directly from longer dsRNA, just as in animals. A particularly appealing hypothesis is that distinct Dicer-like enzymes generate the two functionally distinct classes of siRNAs. Cloned endogenous small RNAs from Arabidopsis likewise form two distinct length classes, whose 5Ј ends might suggest they are made by distinct enzymes. An alternative view, that one or more Dicer-like enzymes may generate both classes of small RNAs, with the different lengths a byproduct of local sequence context, is not consistent with our observation that production of 24-25-nt RNAs in wheat germ extract was inhibited by synthetic siRNA duplexes, whereas ∼21-nt siRNA production was not. If the production of siRNAs is tightly coupled to the assembly of downstream effector complexes, then their production by different Dicer orthologs may ensure that the two classes of siRNAs function in different cellular pathways, as proposed by Baulcombe and colleagues (Hamilton et al. 2002) .
A hallmark of PTGS in plants and RNAi in nematodes is the spreading of silencing signals along the length of the mRNA target. In plants, spreading occurs in both the 5Ј and 3Ј directions and requires the putative RdRP gene, SGS2. Spreading is observed even when silencing is initiated by a single siRNA sequence (Klahre et al. 2002) . One hypothesis is that 5Ј spreading is initiated by the antisense siRNA strand priming copying of the target mRNA by an RdRP, thereby producing dsRNA. 3Ј spreading cannot be explained by such a mechanism. Both 5Ј and 3Ј spreading might instead be catalyzed by the conversion of mRNA fragments into dsRNA by an RdRP that initiates synthesis at the 3Ј end of the two fragments generated when an RISC cleaves the target RNA. This dsRNA would then be cleaved by a Dicer-like enzyme to produce secondary siRNAs (Lipardi et al. 2001; Sijen et al. 2001) . Such RNA synthesis would occur without the involvement of a primer. We have demonstrated here that exogenous single-stranded RNA is copied into cRNA in the extract by a wheat RdRP that acts without the aid of an exogenous primer. The resulting dsRNA is cleaved preferentially into the longer class of siRNAs, suggesting the RdRP is physically linked to a specific Dicer ortholog. We do not yet know the biochemical function of the 24-25-nt siRNAs generated in this reaction.
miRNAs function as siRNAs in plants
Our data show that miRNAs in plants function in much the same way that siRNA duplexes function in Drosophila and humans: as guides for an endonuclease complex. Each endonuclease complex can catalyze multiple rounds of target cleavage, indicating that the miRNA is not consumed in the reaction. Entry of a miRNA into a multiple-turnover RNAi enzyme complex is not unprecedented; in human cells, the miRNA let-7 is a component of an RISC, although the human genome does not appear to contain any mRNA sequences with sufficient complementarity to be cleaved by this RISC . Like the plant miR165/166-programmed RISC, the human let-7-programmed RISC can catalyze multiple rounds of target cleavage.
Additional support for the idea that plant miRNAs direct cleavage of complementary mRNA targets comes from the work of Carrington and colleagues, who recently showed that a family of Arabidopsis mRNAs encoding SCARECROW-LIKE (SCL) transcription factors is cleaved by an RNAi-like process directed by miR171, an miRNA that is fully complementary to its mRNA targets, unlike miR165/166 (Llave et al. 2002b) . Like wheat miR165/166, Arabidopsis miR171 appears to direct the endonucleolytic cleavage of its target mRNAs. In this respect, miR171 functions as if it were a single-stranded siRNA. Single-stranded siRNAs can trigger RNAi in both Drosophila and mammalian cell extracts and in vivo in HeLa cells (Martinez et al. 2002a; Schwarz et al. 2002) , although much higher concentrations of singlestranded siRNA is required than for duplex (Schwarz et al. 2002) . Furthermore, an individual human RISC contains only one strand of the exogenous siRNA duplex used to trigger RNAi (Martinez et al. 2002a) .
The observation that, in Drosophila embryo lysate, an siRNA with the sequence of miR165, which contains three mismatches with its target mRNA, is at least as potent as an siRNA with perfect complementarity to the same target sequence, demonstrates that mismatches per se do not block target cleavage. Rather, the specific position and sequence of siRNA:target RNA mismatches determine if they permit or disrupt RNAi. Our data also suggest that miRNAs in plants evolved to optimize cleavage efficiency rather than maximize complementarity to their targets. We predict that three or four mismatches between an miRNA (or the guide strand of an siRNA duplex) and its target RNA, properly placed so as to still permit mRNA cleavage, will facilitate the release of cleaved target RNA from the RISC complex, thereby increasing the rate of enzyme turnover.
miRNA function and the spread of silencing signals along a silenced sequence
Spreading of silencing signals along the length of a silenced mRNA sequence is a common feature of plant RNA silencing. Because miRNAs act as siRNAs, one might anticipate that they would also elicit spreading. However, miRNA-induced spreading is not consistent with the genetics of the PHV and PHB mutants; the very existence of a dominant PHV mutant excludes both 5Ј and 3Ј spreading. Spreading of the silencing signal-that is, the generation of new siRNAs 5Ј or 3Ј to the site of initial target cleavage-would produce siRNAs containing sequences common to both the wild-type and mutant PHV mRNAs. If such siRNAs were generated, they would direct destruction of the mutant PHV mRNA. In such a case, the PHV mutant could only have been recovered as a recessive, not a dominant allele. Genetic studies (McConnell et al. 2001) show that endonucleolytic cleavage of target RNAs by miRNA-directed RISC complexes does not trigger spreading in plants. This remains true even when the miRNA is the perfect complement of its mRNA target (Llave et al. 2002b) .
How, then, can the well-documented spreading phenomenon observed for S-PTGS be reconciled with the absence of spreading in miRNA-directed target cleavage? Perhaps plants contain two separate mechanisms for target mRNA destruction. Endogenous mRNAs might be regulated by endonucleolytic cleavage directed by miRNA-programmed RISC complexes, whereas exogenous silencing triggers, such as transgenes or viruses, might initiate successive cycles of siRNA-primed, RdRP-catalyzed dsRNA synthesis, followed by cleavage of the dsRNA into siRNAs by Dicer-like enzymes, a mechanism termed random degradative PCR (Lipardi et al. 2001) . RISC complexes would play no role in the execution of target RNAs in this cycle. We have not been able to test this idea biochemically, because we have as yet been unable to target an mRNA for degradation in wheat germ extract by adding corresponding exogenous dsRNA or siRNAs. However, the observation that a single siRNA sequence can trigger 3Ј spreading (Klahre et al. 2002 ) is difficult to reconcile with a priming mechanism. Intriguingly, VIGS-mediated RNA silencing of endogenous genes is not associated with spreading of silencing into regions of the target sequence 5Ј or 3Ј to the initial silencing trigger (Vaistij et al. 2002) , although such silencing clearly must involve siRNAs derived from viral dsRNA, not endogenous miRNAs.
An alternative hypothesis is that the absolute concentration of an RNA target might determine if the 5Ј and 3Ј cleavage fragments generated by target cleavage are converted into dsRNA by an RdRP. Only when the products of RISC-mediated target cleavage accumulate to a sufficiently high concentration would they serve as substrates for the RdRP and consequently trigger spreading. Experiments with polygalacturonase-silenced tomatoes support this view (Han and Grierson 2002) . In these plants, siRNAs were produced from the silencing-inducing transgene but not the corresponding silenced endogene. The siRNAs were preferentially produced from the 3Ј end of the transgene, consistent with the idea that plant RdRPs act without aid of a primer. Furthermore, these authors detected mRNA degradation products consistent with endonucleolytic cleavage of the targeted polygalacturonase endogene. Thus, RISC-mediated cleavage per se does not appear to trigger spreading along the target RNA sequence. More likely, the endonucleolytic cleavage of transgenic mRNA produces a sufficiently high concentration of mRNA fragments to recruit an RdRP, resulting in the production of siRNAs from the 3Ј cleavage product. miRNA-directed cleavage of natural plant regulatory targets would not lead to spreading, because endogenous mRNA targets are not present at sufficiently high concentrations to recruit the RdRP. This model predicts that the putative RdRP SGS2 (SDE1) required for PTGS, will not be required for miRNA-directed destruction of endogenous mRNA targets. In fact, no developmental abnormalities have been reported for SGS2 mutants (Mourrain et al. 2000) , including mutations likely to be strongly hypomorphic or functionally null (Dalmay et al. 2000) , suggesting that plants lacking SGS2 protein have normal miRNA biogenesis and function.
Materials and methods
Lysate preparation
Fly embryo lysates were prepared as previously described (Tuschl et al. 1999) . Wheat germ extracts were prepared from frozen or vacuum-packed raw wheat germ (e.g., Fearn Nature Fresh Raw Wheat Germ, Bread and Circus) as described (Erickson and Blobel 1983) . The extract was centrifuged at 14,500g at 4°C for 25 min; the supernatant was then frozen in aliquots in liquid nitrogen and stored at −80°C. For cauliflower extract, the outer layer of fresh cauliflower (Shaws Supermarket) was harvested with a razor blade and ground to a powder under liquid nitrogen in a mortar and pestle, then homogenized with 3 mL of 1× lysis buffer (100 mM potassium acetate, 30 mM HEPES-KOH at pH 7.4, 2 mM magnesium acetate) containing 5 mM dithiothreitol (DTT) and 1 mg/mL Pefabloc SC (Boehringer Mannheim) per gram of plant tissue. The extract was centrifuged, and the supernatant was stored as described for the Drosophila embryo lysate.
Analysis of dsRNA processing
For analysis of dsRNA processing, 5 nM internally ␣-32 P-UTPlabeled dsRNA was incubated in a 10-µL reaction containing 5 µL of Drosophila embryo lysate (Tuschl et al. 1999 ) or wheat germ extract, 100 µM GTP, 500 µM ATP, 10 mM creatine phosphate, 10 µg/mL creatine phosphokinase, 5 mM DTT, and 0.1 U/µL RNasin (Promega) at 25°C for 3 h. Reactions were stopped by the addition of 2× proteinase K buffer [200 mM Tris-HCl at pH 7.5, 25 mM EDTA, 300 mM NaCl, 2% (w/v) sodium dodecyl sulfate] and deproteinized with ∼2 mg/mL proteinase K at 65°C for 15 min. Products were precipitated with 3 volumes cold ethanol and analyzed by electrophoresis in a 15% polyacrylamide sequencing gel.
Gel filtration and RNAse protection
Internally ␣-32 P-UTP-labeled dsRNAs were incubated in wheat germ extract, then deproteinized at room temperature with proteinase K (1 h) and RNA-precipitated with 3 volumes of cold ethanol. The RNA was resuspended in 1× lysis buffer and analyzed by gel filtration as described (Nykä nen et al. 2001) . For RNase protection, the RNA products of a 10-µL wheat germ extract reaction were deproteinized at room temperature and analyzed by RNAse protection essentially as described (Sambrook et al. 1989) . Briefly, the siRNA pellets were dissolved in 10 µL of RNAse digestion buffer (300 mM NaCl, 10 mM TrisHCl at pH 7.4, and 5 mM EDTA at pH 7.5) containing 10 mM ␤-glycerophosphate, 5 mM ATP, 0-6.6 U of RNAse A, and 0-1.1 U of RNAse T1. For control experiments, 5Ј-32 P-radiolabeled synthetic, double-stranded siRNAs were mixed with the products of a wheat germ reaction performed with unlabeled dsRNA and coprecipitated with 3 volumes of cold ethanol. RNAse protection was at 25°C for 1 h, stopped by adding 0.6 µL of 10% SDS and 0.3 µL of 20 mg/mL proteinase K, then incubated at 25°C for 1 h. The reactions were then adjusted to 200 µL with 2× PK buffer containing 0.2 mg/mL Glycogen (Roche), extracted with an equal volume of phenol/chloroform/isoamylalcohol (25:24:1; v/v/v), precipitated with 3 volumes of cold ethanol, and analyzed in a 15% sequencing polyacrylamide gel.
Synthetic siRNAs used as inhibitors
The 21-nt siRNA inhibitor comprised CGUACGCGGAAUAC UUCGA(5-Iodo-U)U annealed with UCGAAGUAUUCCGC GUACGUG; the 25-mer comprised AUCACGUACGCGGAA UACUUCGA(5-Iodo-U)U annealed with UCGAAGUAUUCC GCGUACGUGAUUG. The 5-Iodo-U nucleotides were included to facilitate studies not presented here, and we have no evidence they enhance the effectiveness of the siRNAs as inhibitors.
Analysis of RdRP Activity
Assays were performed in a final volume of 10 µL containing 5 µL of lysate, 100 µM GTP, 100 µM CTP, 500 µM ATP, 20 µM UTP, 5 µCi of ␣-32 P-UTP (25 Ci/mmole), 10 mM creatine phosphate, 10 µg/mL creatine phosphokinase, 5 mM DTT, 0.2 U/µL Super-RNasin (Ambion), and 7-methyl-G-or A-capped RNAs. After incubation at 25°C for 3 h, the reaction was deproteinized with proteinase K in 200 µL of 2× proteinase K buffer at 65°C for 15 min. After phenol/chloroform/isoamylalcohol extraction, the aqueous phase was precipitated with 3 volumes of cold ethanol, resuspended in 10 µL of 2× formamide loading buffer as described (Sambrook et al. 1989) , and resolved on 10% or 15% polyacrylamide sequencing gels. For primed assays, capped RNAs were preincubated with single-stranded 21-nt RNA primers or siRNA duplexes at room temperature for 10 min before the remaining reaction components were added.
Arabidopsis PHV, PHB, and mutant PHV target RNAs Arabidopsis PHV and PHB cDNA sequences containing the miR165/166 complementary sequences were amplified from an Arabidopsis flower cDNA library (CD4-6) by polymerase chain reaction (PCR) using the following primer pairs: 5Ј-PHV primer, GCGTAATACGACTCACTATAGGCGCCGGAACAAGTTG AAG, and 3Ј-PHV primer, GACAGTCACGGAACCAAGATG; or 5Ј-PHB primer, GCGTAATACGACTCACTATAGGTGA GTCTGTGGTCGTGAGTG, and 3Ј-PHB primer, GCTGCT GCTAAAGTCGTAGGA. The Arabidopsis G → A mutant phv template was initially amplified using the 5Ј-PHV primer and CCACTGCAGTTGCGTGAAACAGCTACGATACCAAT AGAATCCGGATCAGGCTTCATCCC. This PCR product was diluted 100-fold, then reamplified with the 5Ј-PHV primer and GACAGTCACGGAACCAAGATGGACGATCTTTGAG GATTTCAGCGACCTTCATGGGTTCTAAACTCACGAGG CCACAGGCACGTGCTGCTATTCCACTGCAGTTGCGTG AAACAGC. In vitro RNA transcription and cap labeling were as described (Tuschl et al. 1999; Zamore et al. 2000) .
In vitro RNAi in fly embryo lysate and wheat germ extract
For RNAi in Drosophila embryo lysate, four siRNA duplexes were chemically synthesized (Dharmacon), annealed, and incubated in a standard RNAi reaction (Zamore et al. 2000) . The sequences of siRNAs (sense and antisense strands) corresponding to miR165, miR166, PHV, and mutant phv target positions were miR165, UCGGACCAGGCUUCAUCCCCC and GG GAUGAAGCCUGGUCCGAGG; miR166, UCGGACCAGG CUUCAUUCCCC and GGAAUGAAGCCUGGUCCGAGA; PHV, CCGGACCAGGCUUCAUCCCAA and GGGAUGAAGC CUGGUCCGGAU; and mutant phv, CCGGAUCAGGCUUCA UCCCAA and GGGAUGAAGCCUGAUCCGGAU. Wheat germ extract target cleavage reactions were as standard Drosophila in vitro RNAi reactions, except that no exogenous siRNAs were added.
Total RNA isolation and Northern analysis
Total RNA was isolated from lysates, and Northern analysis was performed as described (Hutvá gner and Zamore 2002). 5Ј-32 P-radioalabeled synthetic miR165 antisense siRNA (above) was used as probe.
